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Abstract
The aspects of mathematical modelling use are examined
for the evaluation of biological resources of the ocean.
Two types of problems are distinguished: the open sea eco-
system modelling and study of pollution acting on the shelf
ecosystem productivity. The first of them is the synthesis
of a complex system model by joining partial solutions ob-
tained from the analysis of models of its subsystems. The
second approach is the construction of a simple model of in-
formative variables. Both of the approaches are outlined in
works of the author which are cited.
-v-
INTRODUCTION
When the resources of the biosphere are evaluated, importance
is attached to biological resources of the ocean. The intensity
of their use is currently quite great and for some species it
approaches its tolerable limits.
Nevertheless the point of view is spreading that ocean re-
sources are almost nonlimited and the degree of their use may
considerably increase in the future. The contradiction of these
conclusions is caused by the inexactitude of evaluation methods
of biological resources of the ocean, by the imperfection of cor-
responding calculation methods and by errors in the original data.
The question is cleared only when some population is found to be
on the verge of destruction. Of course this way of using ocean
resources cannot be called rational. In most cases the rational
use of ocean resources must be based on the continuous recovery
of all the ecosystem links that were disturbed by its exploitation.
For this it is necessary to understand well the connections
between processes that are going on in the ecosystems. Ocean eco-
systems are complex systems and studying them is impossible with-
out mathematical modelling. Finally, there is a need, too, for
finding engineering solutions for problems of artificial recovery
of ecosystems links whose resources have been rapidly exhausted.
Here we are dealing with methods of construction and creation of
artificial marine ecosystems on the basis of natural ones. The
solving of this problem will lead to the creating of an industrial
mariculture. All of this requires the engineering methods of pro-
jectior. based on the mathematical modelling of objects under study.
A PRIORI MODELLING OF MARINE ECOSYSTEMS
At the moment remarkable progress is being made in the field
of mathematical modelling of marine ecosystems. In particular,
in the USSR a number of methodological questions are being ela-
borated corresponding both to this problem as a whole and to par-
ticular cases having practical interest (1,2,3).
In cases where carrying out simultaneous observation of marine
ecosystem parameters is exceptionally complex, the obtaining of its
mathematical models based on experimental data processing is very
difficult. In cases where one speaks about forecasting the influ-
ence of previously-absent anthropogenic factors on ecosytems, this
method is not possible at all. For this reason a priori modelling
is very important for solving this problem. ｂ ･ ｦ ｯ ｲ ｾ an experimental
study of ecosystems is done, it is necessary to answer these
questions: what must be measured, where, and with what accuracy?
In the marine ecosystem an interaction between physical, chem-
ical and biological processes takes place. In a priori modelling,
the system of equations describing the ecosystem is derived by
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joining of equations that have been obtained earlier for separate
processes. In so far as the ocean parameters in their experimental
and theoretical study are subjected to smoothing, the joining of
equations in the system must be made by taking into account the
spectral oscillation characteristics of study parameters.
THE EQUATIONS FOR PHYSICAL AND CHEMICAL PROCESSES
The circulation of matter in the ecosystem is carried out
by currents, turbulence and self-movement of the organisQs. That
is why the equation describing the currents and turbulence charac-
teristics must be included in the system of marine ecosystem equa-
tions. It must be noted that the form of these equations (in
other words, the choice of their coefficients) depends essentially
on time-space scales of problems. The majority of works on the
theory of currents correspond to steady or very smooth "climatic"
currents. The frequency oscillation spectra of such currents does
not correspond to the ecosystem behavior in the upper sea levels
where significant changes occur during a period of twenty-four
hours. For example, at night up to half of the phytoplankton is
eaten by zooplankton and in the day-time it is restored by dividing
of algae. The attempt to develop the method for the calculation
of currents taking into account these circumstances was undertaken
in Reference (4).
At the moment a considerable number of studies corresponding
to the study of turbulent diffusion have been completed. An im-
portant fact was the discovery of the vertical ocean structure that
may exert significant influence on its ecosystem state. It must
be noted that diffusion of suspended particles, the capacity in
which we consider organisms and their exchange products, corresponds
to general nonconserving substance diffusion. In this case, the
parameters of diffusing particles change continuously or discretely
and depend on the environment's parameters. The considerations
concerning the descriptions of nonconserving substance diffusion
are given in Reference (4).
The study of the transportation of heat and salt and the
formation of temperature and salinity fields has reached the
same level as the study of diffusion in view of the knowledge of
transpcrtation characteristics. But in the general case this prob-
lem is included in the problem of the formation of hydro-thermo-
dynamical fields. That is why the temperature and'salinity fields
are found simultaneously with the velocity field.
At present there are many works giving the possibility of
describing the ocean light field in sea water by some mathematical
expression. However, the greatest part of the ocean light field
belongs to the visible and thermal parts of the spectrum that were
investigated in connection with the problems of the formation of
temperature fields. The part of the spectrum belonging to the
FAR (fotosynthetic active radation) for one or another algae needs
to be investigated further. Nevertheless, in this case some a
priori choices are possible for expression parameters for the
analogy of investigated parts of the spectrum.
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The description of chemical processes is fulfilled by equations
for the transportation of concentrations corresponding to chemical
combinations. The diffusion equations with source terms caused
by the chemical and biological processes are taken as the basis.
THE EQUATIONS FOR DESCRIPTIONS OF POPULATIONS AND ｃｏｾｾｕｎｉｔｉｅｓ
The main parameters characterizing the biologic components
of populations are biomass, size, and presence of any harmful or
useful substances in species. Harmful substances may include the
accumulation in the species of some substances negatively influ-
encing its development and reproduction. Useful substances include,
for example, concentration and combination of fats in the species:
it became clear that the fats carry the important information about
the ecological fate of species and populations. The totality of
species parameters form the phase space of its state. Introducing
the functions of species parameters distribution, we are then able
to describe the populations and communities. In the phase space.,
the functions described are similar to the density of multi-dimen-
sional liquids "flowing" through the phase space. The distribution
function is given by the expression:
f f l" (Q1.1Q2., ... ,q .)dG. = N.G 1 1 nl 1 1
i
(1)
Here G. is the region of phase space of qij parameters correspond-
ing to l i-species, where fi differs from zero and Ni is the total
sum of i-species (in the unit of volume).
Multi-dimensional "liquid" flowing through the phase space
may be studied as a usual liquid in the Lagrangian presentation.
The moments and coordinates of organisms appearing or coming into
the system may be taken as examples of Lagrangian variables. This
method is especially convenient for studying the spread of organisms
in the environmental medium by the scheme of nonconserving substance
diffusion (4).
Generally, for a description of the biological ecosystem COI1-
ponents it is necessary to know the regularities of the following
processes:
- the absorption or secretion by organisms of substances
that take part in the circulation,
- the movement of organisms on their own.
The parameters of the species themselves and of their surrounding
medium must be included as variables into formulae describing
these regularities. Based on experimental studies up to now,
the formulae which described most of the above-mentioned regulari-
ties are obtained. Some materials concerned with this question
are contained in References (5,6).
In particular, if the movement of the organisms is of a regu-
lar character, it may be taken into account by the use of functions
with the value of 1 in the elements of space where organisms are
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present, and with the value of 0, where they are absent. The
chaotic movement of the organisms on their own can be considered
as a diffusion theory results.
The introduction of distribution function parameters of
organisms that characterized the organisms' state and of the
function describing their movement in space, allows one to define
the system of equations that describes the circulation of matter
in the ecosystem and determine its state.
Surunarizing the above, it may be said that up to now methods
of mathematical description have been developed for practically
any type of ecosystem with the accuracy of empirically determined
constants or with the form of functions which describe separate
processes in the ecosystem. For a qualitative analysis of eco-
system models for the majority of the parameters mentioned, it is
however possible to assign approximate values; for functions the
approximated expressions are obtained by common sense.
THE METHODS FOR ANALYZING MATHEMATICAL MODELS OF MARINE ECOSYSTEMS
After the construction of a total equation system of eco-
system models, the parameter calculations or predictions problems
of interest for us may be solved. In a number of cases we take an
interest in the quality conclusions about the fate of ecosystems,
as noted by their natural development and as a result of possible
anthropogenical influences.
As a rule the total equation system describing marine eco-
systems is so complicated that it cannot be solved directly. Also
if it were possible, information obtained through this method would
be too detailed and superfluous for reaching final conclusions of
practical use. Therefore in the analysis of the marine ecosystems
there are now two approaches:
- the synthesis of the total solution on the basis of the
previously found partial solutions for parts of the eco-
system, and
- the finding of simple models that may describe the ｢ ･ ｨ ｡ ｶ ｩ ｯ ｾ
of parameters which are of interest to us.
Both of these approaches are used in our investigations. The
method taken by us of total solution synthesis, is the following.
The complex system is divided into subsystems, which during time
step tt may be considered as isolated with fixed meanings of vari-
ables of other subsystems. The continuous values of subsystem
parameters are replaced by a number of discrete meanings, for
example - 1,2,3,4 - weak, average, strong, very strong. Then the
set of equations of subsystems is believed to be solved with regard
to its output variables, i.e. the expressions for next operators
Yij are assumed found:
a i j (t + ｾ t ) = Yi j (a I j (t) , • • ., aN j (t) ) (2)
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where a ij is the quality meaning of the i-parameter of the j-subsystem.
Then we suppose that the deterministic model (2) describes
the passage of parameters from to to t + 6t with some conditional
probability
*x -xf ｮＫｾ
x -x
n
f(£)d£ (3)
Here f(E) is the probability of error corresponding to the real
object description given by model (2); x is the meaning of the
parameter corresponding to the left ｢ ｯ ｵ ｮ ｾ ｡ ｲ ｹ of the parameter inter-
val with degree aK'
While passing sequentially from one system/one block to the
next one it chooses the meaning an every time instead of ai with the
probability P (an/ai). The entire system is passed many ｴ ｩ ｩ ｾ ･ ｳ from
input parameters to its output ones, i.e. the method of accidental
trajectories is used. Then the obtained meanings of output para-
meters are statistically processed.
Using the above-mentioned approach to the modelling, one supposes
that not all subsystem descriptions are exhausted by the determin-
istic expression and also requires taking into account the proba-
bility distribution f(E).
The experimental study of any marine ecosystem characteristics
is based on the possibility of consideration of almost isolated eco-
system parts. From some time from the total number N ecosystem
parameters one takes into account only the part directly connected
with the variable being studied. As a result of the experiment the
dependence of the following is established:
F. (ql' , q2 . , ... , qK .) = 0111 1
Here K is the number of the most closely connected variables being
studied in the experiment. The other variables with indexes from
K+I to N are not, as a rule, controlled. The function f(E) in this
case determines the accuracy of the real process described by
model F i . This approach was used in Reference (6) for investiga-
tion of a pelagic ecosystem of the upper sea level. In (6) the
system of differential equations was derived for description of
interacting epy- and bathyplankton ecosystems. The migration of
the vertical organisms and selectivity of food absorption was taken
into account. The ecosystem investigated has a complicated behavior
pattern. In the ecosystem model the inverse influence of the
biological components on the temperature and density distribution
was taken into account. This influence is caused by the dependence
of sun radiation absorption on the suspended plankton concentration.
Based on this, the oscillations of parameters are possible in the
ecosystem. The approach described was recently used to study the
pollution acting on the dynamic North Sea exosystem (7). The
second of the approaches discussed consists of a description of
complex systems by a simple model based on finding model variables
which are the most informative with regards to the studied properties
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of the system. A method which is based on the approach mentioned,
and has great potential is, for example the method of limiting
factors. The principles of this approach are given in Reference (8).
The method of reducing this complex problem to a simple one,
is examined in the author's work (9) where the "frontal concentra-
tion" concept is proposed for the calculation of pollution zone
evolution. The problem of calculating the coastal pollution source
influence is reduced to two parts: 1) quality analysis of ecosystem
model equations with the aim of finding the "frontal concentration"
meanings, and; 2) of solving the problem of fixed substance concen-
tration movement.
CONCLUSIONS
The evaluation of biological resources of the ocean may be
carried out most effectively by the use of mathematical modelling.
At the same time, the modelling of open sea ecosystems makes
possible the solving of two problems:
calculating the meanings of the values for those areas in
which data are not available, by using information about
- other controlled factors.
establishing a well-grounded bases for processing the
primary observed data with the aim of putting the additional
data into the single standard.
Finally, the goal of the outer sea ecosystem modelling is the pre-
diction of the ranges of its possible rational use by carrying out
some projects where man intervenes and influences the natural eco-
system mechanism.
The second important direction of investigation is the modelling
of the shelf ecosystems which have considerable biological produc-
tivity. At the same time they are subjected to the most intense pol-
lution effects. To determine potential productivity of these areas,
it is necessary to ascertain the boundaries of the zones in which
the ecosystems may change through the effect of pollution.
up to now for all types of problems discussed the solutions
were found in a general form. In this paper our works were cited
as examples. Other approaches to these problems proposed in the
USSR are described in (1,2).
Arbitrarily, any ocean ecosystem may be divided into three
subsystems:
G
Hydrophysica
Processes
Biolog ic 1--- ｾ Ｕ ----I
P roce s sesl ｾ Ｍ Ｍ Ｍ Ｍ Ｍ ｟ ｟ ｟ ｟ ｉ
6
B
Chemical
Processes
c
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In this figure the arrows show the interrelationship
between the processes which were taken into account. The compre-
hensive consideration of all connections is not made here in the
analysis of concrete marine ecosystems. For practically solvable
problems, the block G is studied without taking into account the
connections "2" and "4" although in Reference (6) the tendency
of biological processes to influence the hydrophysical ones was
noticed. The blocks Band C are studied by taking into account
the connections "5" and "6", "1" and "3" although in most cases
one of the connections "5" or "6" is examined as a fixed back-
ground.
The modelling method described in this paper allows one to
combine the results of such separate investigations.
-8-
RcfE.'renccs
j\cadu!\y of Scjncces ｕ ｫ ｓ ｾ ［ ｮ Ｎ Ｌ Hathcfl1,lU cal ｍ ｾ Ｉ Ｈ ｫ ｬ ｦ ［ of the
n;-:t:t.:"inc Eco loa ie<11 ｾ ｾ ｶ s ｴＢ｣ｲｲＺﾷｾｾＭ［ＭｾＺ［ｾＺ［ＡﾷｔｮｃＺｩｩＭﾷｾｾｔＮｩＭｳＭｌｾｾＭｪＱ｣ ts ·,-.C0 7 ·1, Kiev:
ｩ ｦ ｣ ｊ ｵ ｫ ｯ ｶ ＼ Ｎ ｴ ﾷ ｣ ﾷ Ｚ ｩ Ｎ ｷ Ｚ ｅ Ｍ Ｚ Ｍ Ｍ ｻ ｰ ｵ ｬ Ｚ ［ ｪ ｾ ｪ ｾ ｳ ｩ Ｑ ･ ｉ Ｉ Ｌ 19'/4 54 pp. (in Hussian).
(2 )
* ( 3)
( 11 )
(5 )
*(6)
Delyacv, V. I., Con trol of ｾ ｡ ｴ ｵ ｲ ｴ ｬ ｬ ｅ ｮ ｶ ｩ ｲ ｯ ｮ ｬ ｔ ｬ ｾ ｾ ｮ ｴ Ｌ NaukovCl dumka
Ｈ ｰ ｵ ｢ ｬ ｩ ｳ ｨ ･ ｲ ＾ ［ ｬ ＼ ｩ ･ ｶ ｾ Ｍ ｦ Ｙ Ｗ Ｕ Ｌ ｾ Ｑ Ｓ Ｒ Ｍ Ｎ ------
Be lyaev, V. I., OceanograEhic J)ata..... ｰｾＮＹ｣･ｾｳｩｮｧ and ｔ ｬ Ｂ Ａ Ｎ ｾ ｩ ﾣ
Theoretical Analysis, Kiev: Maukova dumka (publisher),
1973, 296 p.
Bio.1 oq\' .of Setl, Issue tiO, The St:udy of the Marine Community
Ｍ Ｍ Ｍ Ｍ ｡ ｲ ｵ ｲ ﾷ Ｍ ｅ ｃ ｏ ﾷ ｾ Ｎ ［ ｹ Ｚ Ｍ ｾ ｾ ﾷ ｴ ｬ ｾ ｲ ｾ Ｑ Ｍ Ｍ ｽ ﾷ ｵ ｔ ｬ ｣ Ｍ ｴ ｩ ｯ ｮ ｡ ｬ l-1ccabnisrns by ｬ ｜ ｰ ｰ ｬ ｩ ｣ ｾ ｬ tion of
l>1a thcma t.i ca 1. Hoded ling Kiev: NClukova dumka (publish8r),
1977 (in p:r'css) (i.n Russian).
Belyaev, V.I., Lenin, A.I., Petipa, T.S., Mathematical Model
of a Pelagic Ecosystem, Marine BiologV, vol.31, No.1,
1975, pp. 1-6.
* (7) Belyaev, V.I., and Pichot, G., Methode de Simulation des
Ecosystems Marins; Effet ｾ ･ ｳ Rejets sur 1a Dynamiqu2 de
cas Derniers, ｑ ｵ ｡ ｴ ｡ ｲ ｺ ｩ ･ ｾ ･ ｳ Journecs de 1 I hydralique ,
Paris, 1976 pp. 1-5.
(8) Poletayev, I.A., On the Mathematical Models of Elementary
Processes in Biogeocoenosis, in Problemy Kibernetika,
Moscow: Nauka issled (publishGr), 1966, pp. 171-190,
(in Russian). (Available on microfishe in English)
ok
(9) Belyaev, V.I., A Mathematical Model of Ecological Disturbances
in a Basin Originating Under the Influence of a Shore
Pollution Source, 9keanologi<J, vol. 16, issue 3, 1976,
pp. 460-466, (in Hussian).
*Copies and reprint:s of these works available in IIASA's library.
